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Summary 
Golgi cisternae regrew in a cell-free system from mi- 
totic Golgi fragments incubated with buffer alone. Pre- 
treatment with NEM or salt washing inhibited re- 
growth, but this could be restored either by p97, an 
NSF-like ATPase, or by NSF together with SNAPs and 
p115, a vesicle docking protein. The morphology of 
cisternae regrown with p97 and NSF-SNAPs-p115 dif- 
fered, suggesting that they play distinct roles in re- 
building Golgi cisternae after mitosis. 
Introduction 
During every division of an animal cell, the endoplasmic 
reticulum (ER) and the Golgi apparatus undergo extensive 
fragmentation that is thought o aid the partitioning of these 
organelles between the two daughter cells (Warren, 1993). 
In the case of the Golgi apparatus, this is a particularly 
dramatic process. The single copy that characterizes the 
interphase organelle is converted, in stages, into vesicles 
and short tubules. Thousands of fragments are generated 
by metaphase, and these become randomly dispersed 
throughout he mitotic cell cytoplasm (Lucocq et al., 1987, 
1989; Lucocq and Warren, 1987). During telophase, the 
mother cell is divided into two daughter cells, in each of 
which a Golgi apparatus rapidly reassembles (Lucocq et 
al., 1989; Souter et al., 1993). By this temporary disassem- 
bly and reassembly, mitosis provides a natural tool to study 
Golgi architecture. 
There are two types of mitotic Golgi fragments (Misteli 
and Warren, 1995). Those of the first type are transport 
vesicles that contain just over half of the starting Golgi 
membrane. They are formed by the coat protomer 1 
(COP1)-mediated budding mechanism (Misteli and War- 
ren, 1994), which is involved in both anterograde (Roth- 
man, 1994) and retrograde (Letourneur et al., 1994) trans- 
port within the Golgi stack. They accumulate under mitotic 
conditions because subsequent fusion of these vesicles 
with their target membrane is inhibited (Warren, 1985). 
Fusion is thought to involve the interaction between a 
SNARE (for soluble N-ethylmaleimide-sensitive factor at- 
tachment protein receptor) on the vesicle (v-SNARE) with 
a cognate SNARE on the target membrane (t-SNARE) 
(SSIIner et al., 1993a). This is followed by the binding of 
SNAPs (soluble N-ethylmaleimide-sensitive factor attach- 
ment proteins) and NSF (N-ethylmaleimide-sensitive fac- 
tor), an ATPase that triggers the break-up of the SNARE 
complex, leading to fusion of the two membranes (SSIIner 
et al., 1993b). The initial docking of the vesicle with the 
membrane appears to be mediated by p115 (Barroso et 
al., 1995), and two other cytosolic factors of high molecular 
weight play an undefined role (Waters et al., 1992; Elazar 
et al., 1994). 
The second type of mitotic Golgi fragment comprises 
short tubules and a heterogeneous population of vesicles 
larger than transport vesicles (Misteli and Warren, 1995). 
Just under half the starting Golgi membrane is contained 
within this type of fragment, which is formed by a COP1- 
independent pathway. Cisternae become increasingly fen- 
estrated, forming tubular networks that then undergo ex- 
tensive breakdown. Accumulation of these fragments in 
mitosis also indicates that their fusion with each other is 
inhibited under mitotic conditions. 
It has recently been possible to mimic the process of 
Golgi reassembly after mitotic disassembly in the test tube 
by incubating isolated mitotic Golgi fragments with rat liver 
cytosol (Rabouille et al., 1995). Cisternal growth is initiated 
by the fusion of vesicles and short tubules with the rims of 
cisternal remnants, forming tubular extensions. As growth 
continues, these become flattened and less fenestrated, 
assuming the characteristics of Golgi cisternae. Growth 
is normally accompanied by stacking. Lateral fusion of 
these stacks produces the final product: large, curved 
stacks of two to four cisternae, enclosing an electron- 
lucent space. 
Cisternae can also grow without accompanying stack- 
ing. This occu rs at the beginning of the normal reassembly 
process and is also the end product of reassembly under 
conditions where stacking is inhibited by the addition of 
the phosphatase inhibitor microcystin (Rabouille et al., 
1995). In this paper, we have studied the requirements 
for growth of single cisternae. We previously showed that 
N-ethylmaleimide (NEM) inhibited growth, and we show 
here that salt washing has the same effect. Regrowth of 
single cisternae can be restored to these inactive mem- 
branes by p97, an NEM-sensitive protein homologous to 
NSF (Peters et al., 1990, 1992). NSF together with SNAPs 
and p115 also caused cisternal regrowth, but the end prod- 
ucts were morphologically distinct. 
Results 
An Assay for Cisternal Regrowth 
Mitotic Golgi fragments capable of reassembling stacked 
cisternae were prepared by incubating rat liver Golgi 
stacks with mitotic HeLa cytosol for 30 min at 37°C. Analy- 
sis of the components required for reassembly was simpli- 
fied considerably by the finding that these fragments could 
reassemble into stacked cisternae upon incubation at 
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Figure 1. Effect of NEM or Salt Washing on Golgi Reassembly 
Mitotic Golgi fragments were prepared from rat liver Golgi membranes treated with mitotic HeLa cytosol. After reisolation, the fragments were 
either left untreated (A), treated with NEM (B and C), or salt-washed (D) before incubation with buffer (A and B) or interphase cytosol (C and D). 
After a 60 rain incubation at 37°C, samples were processed for electron microscopy. Note the tubules emanating from the cisternal rims (arrow 
in [D]) and an en face view of a cisterna (asterisk in [D]). Scale bar, 500 nm. 
37°C for 60 min in buffer alone (Figure 1A), typically pro- 
ducing large stacks with two to three curved cisternae 
surrounding an electron-lucent space. This reassembly 
was almost the same as that seen in the presence of in- 
terphase cytosol prepared from rat liver cytosol precipi- 
tated with 40% ammonium sulfate (RabouiUe et al., 1995), 
which led to two to four cisternae in the stack. 
Two parameters were used to assess the reassembly 
process. The first was based on the percentage of mem- 
brane in Golgi cisternae. The starting material, rat liver 
Golgi stacks, had 55% of membrane in cisternae. This 
fell to 20% at the end of the 30 min incubation in mitotic 
HeLa cytosol and rose to 43% after a 60 min incubation 
in buffer, showing that reassembly is an efficient process. 
For the purposes of quantitation, this increase in cisternal 
membrane (from 20°/o to 43%) was taken as 100% of cis- 
ternal membrane regrowth for this and all subsequent ex- 
periments. The percentage of cisternal membrane re- 
growth in interphase cytosol was 91% of that in buffer 
(Table 1). 
The second parameter was the median cisternal ength 
(Rabouille et al., 1995). The cisternal remnants in the mi- 
totic Golgi fragments had a starting length of 0.45 ~m 
(Table 1), and single cisternae grew to 1.1 p,m, irrespective 
of whether they were incubated in interphase cytosol or 
buffer (Table 1). Stacked cisternae grew to 2.0 I~m in buffer 
and 3.0 I~m in cytosol (Table 1). The finding that the addi- 
tion of cytosol had only marginal effects on regrowth com- 
pared with buffer alone indicates that the components re- 
quired for complete reassembly of stacks are present on 
mitotic Golgi fragments. 
Reassembly of mitotic Golgi fragments incubated in 
buffer alone was prevented by pretreatment with NEM. 
The vesicles, short tubules, and cisternal remnants 
showed no morphological change (Figure 1B), and there 
was neither significant cisternal membrane regrowth 
(13%; Table 1) nor increase in median cisternal length 
(from 0.45 ~m to 0.50 ~m; Table 1). 
Incubation of the NEM-treated fragments in cytosol in- 
stead of buffer largely restored the growth of single cister- 
nae but not the subsequent stacking and lateral fusion 
processes (Figu re 1C). Cisternal membrane regrowth was 
70% of that of untreated mitotic Golgi fragments with 
buffer (Table 1), and the median cisternal ength rose from 
0.45 I~m to 1.3 I~ m, slightly longer than that for single cister- 
nae in normal incubations (1.1 i~m; Table 1) and in incuba- 
tions containing microcystin, another treatment that inhib- 
its stacking (1.1 I~m; Rabouille at al., 1995). Regrowth was 
only slightly restored when the NEM-treated fragments 
were incubated in NEM-treated cytosol (Table 1), showing 
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Table 1. Quantitation ofCisternal Regrowth after NEM or Salt Washing 
Percentage of 
Percentage of Cisternal 
Membrane in Membrane Median Cisternal 
Membranes Incubation Conditions Cisternae Regrowth Length (pro) 
MGF None 20 -4- 3 0 ± 2 0.45 
MGF Cytosol 41 _+ 7 91 _+ 12 1.1 (3.0) 
MGF Buffer 43 ± 6 100 ± 12 1.1 (2.0) 
NEM-MGF Buffer 23 - 5 13 --_ 3 0.5 
NEM-MGF Cytosol 36 ± 5 70 -*- 6 1.3 
NEM-MGF NEM-cytosol 26 ± 4 26 ± 3 0.55 
SW-MGF Buffer 24 ± 5 17 ± 3 0.57 
SW-MGF Cytosol 48 ± 5 121 ± 6 1.3 
SW-MGF NEM-cytosol 25 ± 5 21 ± 3 ND 
Mitotic Golgi fragments, pretreated with NEM (NEM-MGF), washed with salt (SW-MGF), or left untreated (MGF), were incubated with buffer, cytosol, 
or cytosol pretreated with NEM (NEM-cytosol) for 60 min at 37°C and then processed for electron microscopy. The percentage of membrane in 
cisternae was measured as described by Rabouille t al. (1995) and was used to calculate the percentage of cisternal membrane regrowth by 
setting the value for the starting MGF (no incubation, 20% ± 3%) to 0% and the value for MGF incubated in buffer alone for 60 min at 37°C 
(43% _ 6%) to 100%. Results were determined from at least five fields and three experiments and are presented as the means ± SD. The 
median cisternal length was determined as described previously (Rabouille t al., 1995), counting at least 500 cisternae in each experiment. The 
numbers in brackets refer to the median cisternal lengths of stacked cisternae, ND, not determined. 
that interphase cytosol contains NEM-sensitive compo- 
nents needed for cisternal growth. 
Similar results were obtained after washing mitotic Golgi 
fragments with 250 mM KCI. After incubation in buffer 
alone, salt-washed membranes exhibited neither signifi- 
cant cisternal membrane regrowth (17%; Table 1) nor in- 
crease in the median cisternal length (from 0.45 t~m to 
0.57 I~m; Table 1). After incubation in cytosol, cisternal 
regrowth was restored without stacking (Figure 1D), with 
121% cisternal membrane regrowth and a median cister- 
nal length of 1.3 I~m (Table 1). Growing single cisternae 
could be identified by the tubules emanating from the cis- 
ternal rims (Figure 1D, arrow). Only modest growth was 
observed when the salt-washed fragments were incubated 
in N EM-treated cytosol (21%; Table 1), showing that NEM- 
sensitive components were removed by salt washing. 
Overall, these results show that cisternal regrowth and 
stacking are separable processes. Components sensitive 
to NEM, salt, or both are needed for both processes. 
Whereas those needed for stacking cannot be provided 
by interphase cytosol, those needed for regrowth of single 
cisternae can. This has enabled us to study the require- 
ments for cisternal regrowth in the absence of subsequent 
stacking. 
NSF, SNAPs, and p115 
Given the sensitivity of the mitotic fragments to NEM and 
the presence of the NEM-sensitive components both on 
the membranes and in the cytosol, initial experiments fo- 
cused on the readdition of recombinant NSF together with 
~z-SNAPs and ~,-SNAPs. Two of these general fusion com- 
ponents (NSF and ~-SNAP) are sensitive to NEM and are 
found both in the cytosol and attached to membranes 
(Block et al., 1988; Clary et al., 1990; Wattenberg et al., 
1992). Mitotic Golgi fragments were pretreated with NEM 
and incubated with recombinant, purified NSF, a-SNAPs, 
and 7-SNAPs. As shown in Figure 2A, the appearance of 
the fragments after a 60 min incubation was very similar 
to that after incubation with buffer alone (see Figure 1B). 
There was a small increase in the percentage of cisternal 
membrane regrowth (28%; Table 2) and the median cister- 
nal length (0.62 I~m; Table 2). Various combinations and 
doses of these three components had very similar effects. 
The efficacy of these recombinant proteins has been 
proven by using the intra-Golgi transport assay (S. W. 
Whiteheart, personal communication) and by their ability 
to form 20S fusion complexes (Wilson et al., 1992; data 
not shown). 
Other than NSF and SNAPs, three cytosolic compo- 
nents are required for intra-Golgi transport in vitro, only 
one of which, p115, has been characterized (Waters et 
al., 1992; Sapperstein et al., 1995). p115 also functions in 
ER-to-Golgi transport (Nakajim a et al., 1991) and mediates 
the docking of transcytotic vesicles with the plasma mem- 
brane (Barroso et al., 1995). p115 was added to incuba- 
tions of mitotic Golgi fragments. On its own, p115 had 
no significant effect on the morphology of the fragments, 
though they occasionally appeared to be aligned with one 
another (Figure 2B, arrows). There was modest cisternal 
growth (30%; Table 2) but only a slight increase in the 
median length (from 0.45 I~m to 0.60 I~m; Table 2). How- 
ever, when p115 was added together with NSF and 
SNAPs, there was a clear change in the appearance of 
the mitotic fragments (Figure 2C), reflected in an increase 
in both the extent of cisternal regrowth (87%; Table 2) and 
the length of the cisternae (1.0 I~m; Table 2). The cisternae 
often appeared as patches surrounding a space mostly 
devoid of membranes (Figure 2C, asterisks). Fenestrated 
cisternae were frequently seen. Clusters of vesicles were 
occasionally found at the cisternal rims, many of which 
were dilated (Figure 2C, closed arrowheads). 
The NSF-like ATPase, p97 
Before we discovered the need for p115, the absence of 
an effect of NSF and SNAPs in restoring cisternal growth 
led us to search for other NEM-sensitive components. 
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Figure 2. Effect of NSF, SNAPs, and p115 on Cisternal Regrowth 
Mitotic Golgi fragments, pretreated with NEM, were incubated in NSF and SNAPs (A), p115 (B), or NSF, SNAPs and p115 (C). After a 60 min 
incubation at 37°C, samples were processed for electron microscopy. Note the alignment of fragments (arrows in [B]), the space surrounded by 
patches of cisternae (asterisks in [C]), and the dilated cisternal rims (closed arrowheads in [C]). Scale bar, 500 nm. 
There is a family of NSF-like ATPases that are sensitive 
to NEM (Peters et al., 1990). The shared sequence homol- 
ogy is largely restricted to the nucleotide-binding domains, 
of which there are two in NSF, arranged as a tandem re- 
peat. This arrangement is also found in another member 
of the family, p97, an abundant protein in the rat liver cy- 
tosol used to rescue reassembly of NEM-treated mem- 
branes (see Figure 1C). p97 forms a hexameric, ring-shaped 
ATPase complex (Peters et al., 1990), also known as va- 
Iosin-containing protein (VCP) (Koller and Brownstein, 
1987), and was tested for activity in the regrowth of Golgi 
cisternae. 
Rat p97 was purified from liver cytosol to >95% homo- 
geneity by using anion-exchange chromatography (Mono 
Q) at pH 7.4, velocity sedimentation, and further anion- 
exchange chromatography at pH 6.4 (Figure 3, lanes 1, 
3-5). The identity of the purified protein was confirmed 
by Western blotting (Figure 3, lane 6) using a mixture of 
monoclonal antibodies raised to Xenopus laevis p97. 
These antibodies recognized a protein of 97 kDa molecu- 
lar weight in the original ammonium sulfate pellet (Figure 
3, lane 2). The identity was also confirmed by using mass 
spectrometry on tryptic fragments of the purified protein 
(Pappin et al., 1993). The resulting peptides best matched 
mouse VCP. Other experiments howed that the purified 
p97 had no detectable NSF, SNAPs, or p115. 
The morphological effects of rat p97 on NEM-treated 
membranes are shown in Figure 4. Large numbers of 
curved, single cisternae grew that were mostly unfenes- 
trated. Two types of cisternal rim were observed. The first 
were blunt-ended or slightly dilated (Figure 4, arrows), 
whereas the second contained lipoprotein particles (Fig- 
ure 4, open arrowheads). Lipoprotein particles were rarely 
seen in the cisternal rims regrown in the presence of NSF- 
p97 and Golgi Reassembly 
909 
Table 2. Quantitation of Cisternal Regrowth in the Presence of NSF, SNAPs, and p115 
Membranes Incubation Conditions 
Percentage of 
Percentage of Cisternal 
Membrane in Membrane 
Cisternae Regrowth 
Median Cisternal 
Length (pm) 
MGF None 20 _ 3 0 ± 2 0.45 
MGF Buffer 43 _ 6 100 ± 12 1.1 
NEM-MGF NSF plus SNAPs 26.5 ± 3 28 ± 7 0.62 
NEM-MGF p115 27 ± 3 30 ± 7 0.60 
NEM-MGF NSF plus SNAPs plus p115 40 ± 4 87 ± 7 1.0 
Mitotic Golgi fragments were treated with NEM (NEM-MGF) or left untreated (MGF) before incubation for 60 rain at 37°C under the conditions 
shown. The percentage of membrane in cisternae was measured as described by Rabouille et al. (1995) and was used to calculate the percentage 
of cisternal membrane regrowth by setting the value for the starting MGF (no incubation, 20% _ 3%) to 0% and the value for MGF incubated 
in buffer alone for 60 rain at 37°C (43°/{) ± 6%) to 100%. Results were determined from at least ten fields and are presented as the means _ 
SD. The median cisternal length was determined as described previously (Rabouille et al., 1995), counting at least 500 cisternae in each experiment. 
SNAPs-p115 (see Figure 2C). The extent of cisternal re- 
growth (126%; Table 3) and the median cisternal length 
(1.2 pro; Table 3) in the presence of rat p97 were similar 
to those for single cisternae that regrew from untreated 
fragments incubated in buffer. Half-maximal regrowth of 
cisternae was obtained at a concentration of rat p97 of 
0.4 pg/ml, approximately 4 nM for p97 monomers,  or 0.7 
nM for the hexamer, Similar results were obtained after 
incubating salt-washed fragments with rat p97. The per- 
centage of cisternal membrane regrowth was 104%, and 
the median cisternal length was 1.3 #m (Table 3; data not 
shown). 
The phylogenetic conservation of p97 function was 
tested by incubating salt-washed mitotic fragments with 
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Figure 3. Purification of p97 
The 40% cut from an ammonium sulfate treatment of rat liver cytosol 
(lanes 1 and 2) was purified by a sequence of fractionations: Mono Q 
at pH 7.4 (lane 3), velocity sedimentation (lane 4), and Mono Q at pH 
6.4 (lanes 5 and 6). Samples were fractionated by SDS-PAGE and 
either stained with Coomassie blue (CB; lanes 1, 3-5) or Western 
blotted and probed with monoclonal antibodies to Xenopus p97 
(W; lanes 2, 6, and 8). Purified Xenopus p97 was fractionated by SDS- 
PAGE and either stained with Coomassie blue (CB; lane 7) or Western 
blotted (W; lane 8). Loadings in each lane were 10 pg, 5 p.g, 2 p.g, 1 
p.g, 1 pg, 0.5 ~g, 1 pg, and 0.5 pg of protein. 
p97 purified from Xenopus eggs (see Figure 3, lanes 7 
and 8). Single cisternae regrew to the same length (1.1 
pm; Table 3) and slightly above the normal extent (122%; 
Table 3). Their morphological appearance was almost 
identical to that for the NEM-treated fragments incubated 
with rat p97 (data not shown). 
The protein profile of rat p97 from the final Mono Q col- 
umn matched the activity profile for cisternal membrane 
regrowth from NEM-treated membranes (Figure 5). Col- 
umn fractions were diluted so as to make the concentration 
of p97 suboptimal. There was only one minor contaminant, 
with a molecular weight of 45 kDa, but on the final Mono 
Q column the profile of p45 was slightly shifted from that 
of rat p97 and therefore did not match the activity profile 
for regrowth (Figure 5). Furthermore, this contaminant was 
present at even lower concentrations in the Xenopus p97 
(see Figure 3, lane 7), which was as effective in reassem- 
bling cisternae as rat p97. Taken together, these results 
establish a role for p97 in the regrowth of Golgi cisternae 
from mitotic fragments. 
NSF, SNAPs, p115, and p97 
Since NSF-SNAPs-p l  15 and p97 were independently ca- 
pable of restoring cisternal regrowth to the levels observed 
for single cisternae in normal incubations with cytosol, it 
was of interest to determine the effect of treating mitotic 
Golgi fragments with all these components. As shown in 
Figure 6, the morphology of the single cisternae combined 
many of the features seen with either NSF-SNAPs-p115 
or p97. 
Most of the cisternal rims were dilated (Figure 6, closed 
arrowheads) and often associated with vesicles and clus- 
ters of vesicles (Figure 6, asterisks), as seen after incuba- 
tion with NSF-SNAPs-pt  15 alone (see Figure 2C). Some 
of the rims contained lipoprotein particles (Figure 6, open 
arrowheads), as seen after incubation with p97 alone (see 
Figure 4). These features were particularly evident in en 
face views of cisternae (Figure 6, inset). Fenestrations 
were generally restricted to the cisternal periphery (Figure 
6, arrows). The extent of cisternal membrane regrowth 
(108%) and the length of these cisternae (1.3 ~m) were 
very similar to those obtained by using either NSF-  
SNAPs-p115 or p97. 
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Figure 4. Effect of p97 on Cisternal Regrowth 
Mitotic Golgi fragments were pretreated with NEM, incubated with rat p97 for 60 min at 37°C, and then processed for electron microscopy. The 
cisternal rims were blunt-ended or slightly dilated (arrows), or contained lipoprotein particles (open arrowheads). Scale bar, 500 nm. 
Discussion 
We have shown that Golgi cisternae can be regrown from 
mitotic Golgi fragments in the presence of either the NSF- 
like ATPase, p97, or NSF-SNAPs-p115.  p97 was origi- 
nally isolated as a ring-shaped, hexameric ATPase (Peters 
et al., 1990), and sequencing showed that it was a member 
of a family of ATPases that includes NSF. Several func- 
tions have been proposed for this protein. Those con- 
cerned with a possible role in membrane traffic include 
the finding that it is bound to clathrin triskelia (Pleasure 
et al., 1993) and that it is needed for the budding of vesicles 
Table 3. Quantitation of Cisternal Regrowth in the Presence of p97 
Percentage of 
Percentage of Cisternal 
Membrane in Membrane Median Cisternal 
Membranes Incubation Conditions Cisternae Regrowth Length (~m) 
MGF None 20 _ 3 0 ± 2 0.45 
MGF Buffer 43 _ 6 100 ± 12 1.1 
NEM-MGF Rat p97 49 _ 6 126 ± 15 1.2 
SW-MGF Rat p97 44 ± 6 104 ± 12 1.3 
NEM-MGF Xenopus p97 48 ± 7 122 ± 16 1.1 
Mitotic Golgi fragments were treated with NEM (NEM-MGF), washed with salt (SW-MGF), or left untreated (MGF) before incubation for 60 rain at 
37°C under the conditions shown. The percentage of membrane in cisternae was measured as described by Rabouille et al. (1995) and was used 
to calculate the percentage of cisternal membrane regrowth by setting the value for the starting MGF (no incubation, 20% ± 3%) to 0% and the 
value for MGF incubated in buffer alone for 60 min at 37°C (43% -'- 6%) to 100%. Results were determined from at least five fields and three 
experiments and are presented as the means _+ SD. The median cisternal length was determined as described previously (Rabouille et al., 1995), 
counting at least 500 cisternae in each experiment. 
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Figure 5. Cofractionation of p97 with Cisternal Membrane Regrowth 
Activity 
Peak fractions of rat p97 from the final Mono Q column were either 
fractionated by SDS-PAGE and stained with Coomassie Blue (top) or 
assayed for percentage cisternal membrane regrowth of NEM-MGF 
after appropriate dilution to bring the concentration of p97 into the 
linear range (bottom). Note the coincidence between the protein profile 
of p97 and the membrane regrowth activity. The contaminant, p45, 
overlaps the protein profile for p97 partially but not completely. The 
faint band at 80 kDa was detected by the anti-p97 antibodies by West- 
ern blotting, indicating that it could be a degradation product of p97. 
Equal volumes were loaded in all lanes, so that for fraction 69 the 
loading was 3.5 pg (3.5x the loading in Figure 3, lane 5). Note that 
the background activity in the presence of buffer alone was 13%. The 
percentage of membrane in cisternae ranged from 20% (0% cisternal 
membrane regrowth) to 43% (1000/o regrowth). 
from the transitional ER (Zhang et al., 1994). The work 
presented in this and accompanying papers in this issue 
of Cell(Latterich et al., 1995; Acharya et al., 1995b) provide 
strong evidence that p97, like NSF, is involved in mem- 
brane fusion events. 
From a quantitative point of view, each of these two 
ATPases could substitute for the other. Mitotic Golgi frag- 
ments reassembled single and stacked cisternae in the 
presence of buffer alone, but this process was inhibited 
by pretreatment with NEM or prior washing with salt. Re- 
growth of single cisternae (but not stacking) was restored 
by each ATPase to about the same length and extent as 
with untreated fragments and buffer. These results cannot 
be explained by cross-contamination of the proteins, p97 
had no detectable NSF, SNAPs, or p115; NSF and SNAPs 
were recombinant proteins, and p115 had no detectable 
p97. The two ATPases, when added together, showed 
no obvious synergistic effect. Both the extent of cisternal 
membrane regrowth and the length were similar to those 
when either was present alone. There was, however, a 
small additional population (9%) of very long cisternae 
(>3 I~m). Lastly, each of these ATPases restored cisternal 
growth to the same or higher levels than cytosol, sug- 
gesting that these cytosolic components alone are needed 
for the reassembly of single Golgi cisternae. 
The ability of each ATPase to substitute for the other 
and the lack of any significant synergistic effect when both 
were added together suggest that the two ATPases might 
be redundant in the rebuilding of Golgi cisternae. We think 
this unlikely, because the reassembled cisternae were 
clearly distinct when subjected to a careful morphological 
(as distinct from quantitative) examination. The cisternae 
formed in the presence of NSF-SNAPs-p115 had more 
dilated rims and tended to be more fenestrated than those 
formed in the presence of p97. In addition, the rims were 
more frequently associated with clusters of vesicles. In 
contrast, cisternae formed in the presence of p97 were 
either blunt-ended, were slighdy dilated, or contained lipo- 
protein particles. When both ATPases were present, the 
cisternal morphology combined most of the features of 
the individual incubations. 
Given these distinctive differences in morphology, we 
would suggest that these ATPases are not redundant in 
their function but that each catalyses a distinct set of reac- 
tions involved in cisternal reassembly. Mitotic disassembly 
generates two types of fragment. The first are the product 
of the COPl-mediated budding mechanism, which during 
interphase is responsible for the generation of Golgi trans- 
port vesicles. These vesicles dock with and fuse with the 
next cisterna along the anterograde or retrograde pathway 
in a complex reaction involving a number of proteins, in- 
cluding NSF, SNAPs, and p115. We have recently shown 
that the receptor for p115 is modified during mitotic disas- 
sembly so that transport vesicles can no longer dock and 
cannot, therefore, fuse (Levine et al., submitted). We 
would suggest that during reassembly the binding of p115 
is restored and that NSF-SNAPs-p115 bring about fusion 
of this first type of mitotic Golgi fragment with cisternal 
remnants. In other words, the restoration of p115 binding 
completes the transport vesicle cycle. 
The second type of fragment is a heterogeneous popula- 
tion of short tubules and vesicles larger than transport 
vesicles. These are produced by a COPl-independent 
pathway that converts cisternae into tubular networks that 
then fragment. Much less is known about his pathway, 
but we have suggested that the underlying principles are 
the same as those for the COPl-dependent pathway in 
that the fragments accumulate because membrane fusion 
is inhibited (Misteli and Warren, 1995). We now suggest 
that this fusion reaction involves p971 which would be ac- 
tive during interphase but inhibited during mitosis. This 
could be a direct effect on p97 itself. The sequence en- 
codes a consensus mitotic kinase (p34cdc2) site (TPSK) 
that is located near the second of the two ATP-binding 
sites. Alternatively, it might be an indirect effect. Just as 
NSF requires SNAPs and p115, among others, to facilitate 
fusion, so p97 may require accessory proteins that are 
still to be discovered. One or more of these might be the 
mitotic target. 
Such a model implies two functionally distinct domains 
within each Golgi cisterna. This is consistent with the 
SNARE hypothesis (Rothman, 1994), wherein each trans- 
port vesicle bears a v-SNARE that docks with the cognate 
t-SNARE in the target cisterna, t-SNAREs define the com- 
partment and must not be incorporated (at least in an ac- 
tive form) into transport vesicles. They must, therefore, 
be present in a cisternal domain (or microdomain) that 
cannot be a substrate for the COPl-mediated budding 
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Figure 6. Effect of Rat p97, NSF, SNAPs, and p115 on Cisternal Regrowth 
Mitotic Golgi fragments, pretreated with NEM, were incubated with rat p97, NSF, SNAPs, and p115 for 60 min at 37°C and then processed for 
electron microscopy. Note the dilated rims (closed arrowheads) and fenestrations (arrows), associated vesicles (asterisks), and lipoprotein particles 
(open arrowheads)• Scale bar, 500 nm (main picture) and 200 nm (inset). 
mechanism. Budding domains would contain the v-SNAREs 
(in an active or activatable form), whereas fusion domains 
would contain the active t-SNAREs. During mitotic disas- 
sembly, the budding domains would give rise to the first 
type of mitotic fragment, whereas fusion domains would 
give rise to the second. During reassembly at the end of 
mitosis, p97 would regenerate the fusion domains, and 
NSF-SNAPs-p115 would complete the transport cycle 
and restore future budding domains. Since NSF-SNAPs- 
p115, but not p97, regrew cisternae with dilated rims and 
such rims have been implicated in the budding of COP1- 
coated vesicles (Weidman et al., 1993), this model is con- 
sistent with our morphological observations. 
Lipoprotein particles were only found in the rims of cis- 
ternae reassembled in the presence of p97. This agrees 
with observations uggesting that these particles do not 
require the COPl-mediated budding mechanism for trans- 
port through the Golgi stack (Dahan et al., 1994). 
Our results are in good agreement with those obtained 
by Malhotra and colleagues (Acharya et al., 1995a, 
1995b). These workers have utilized a sponge metabolite, 
ilimaquinone, as the means of vesiculating the Golgi appa- 
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ratus. Using intact and permeabilized cells, they find that 
both NSF and p97 are required for the reassembly process. 
Work by Schekman and colleagues (Latterich and 
Schekman, 1994; Latterich etal . ,  1995) has shown that 
yeast karyogamy, which involves fusion of the nuclear en- 
velopes of haploid nuclei, requires p97 but not NSF or 
a-SNAP. Since karyogamy is a clear example of like-with- 
like, or homotypic, fusion, this suggests that p97 is a homo- 
typic fusion protein. This would be in contrast with NSF, 
which has best been characterized for its role in the fusion 
of transport vesicles with their target membrane, an exam- 
ple of heterotypic fusion (Rothman and Warren, 1994). 
Such a functional division between NSF and p97 would 
certainly fit the model we are putting forward for cisternal 
reassembly, but it would be premature to consider these 
ATPases as the respective com ponents of heterotypic and 
homotypic fusion machineries. NSF has been implicated 
in endosome-endosome fusion (Diaz etal . ,  1989; Rodri- 
guez etal., 1994), a likely homotypic fusion event, whereas 
several heterotypic fusion events have been shown to be 
independent of NSF. These include transport from the 
trans-Golgi network to the apical membrane in MDCK cells 
(Ikonen etal., 1995) and transport from endosomes to the 
trans-Golgi network (Goda and Pfeffer, 1991). It will be 
interesting to see whether p97, or other members of this 
rapidly growing family of proteins (Erdmann etal. ,  1991; 
FrShlich etal., 1991; Thorsness et al., 1993) are involved 
in these fusion reactions. 
The regrowth of Golgi cisternae is the first step in rebuild- 
ing the complex architecture of the Golgi apparatus and 
appears to involve two distinct fusion machineries. The 
next step involves stacking the growing cisternae, and 
we have shown that this requires membrane-associated 
NEM- and salt-sensitive components. The same method- 
ology should now permit identification of these stacking 
proteins. 
Experimental Procedures 
All reagents were of analytical grade or higher and purchased from 
Sigma or British Drug Houses unless otherwise stated. 
Bacterially Expressed Proteins 
His-tagged NSF, (~-SNAP, and -f-SNAP were expressed in bacterial 
cells and purified on nickeI-NTA-agarose columns. 
NEM Treatment 
Membranes, cytosol, or p97 were treated with 2.5 mM NEM on ice 
for 15 min and then quenched with 5 mM dithiothreitol (DTT). Controls 
were treated with prequenched NEM. 
Treatment of Mitotic Golgi Fragments 
Mitotic fragments were produced by incubating highly purified rat liver 
Golgi stacks (150 I~g of protein; Slusarewicz etal., 1994) with mitotic 
HeLa cytosol (13 mg protein, prepared as in Stuart etal. [1993] except 
without phosphatase inhibitors) for 30 rain at 37°C in the presence of 
an ATP-regenerating system (Misteli and Warren, 1994; Rabouille et 
al., 1995). The membranes were reisolated on a sucrose cushion, 
resuspended, and either treated with NEM, or salt-washed with a 1:1 
mixture of KHM buffer (25 mM KCI, 25 mM HEPES [pH 7.3], 25 mM 
Mg-acetate, 2 mM ATP, 1 mM GTP and 1 mM glutathione) and 500 
mM KCI containing 2 mg/ml Soybean trypsin inhibitor. NEM-treated 
membranes were used directly, whereas the salt-washed membranes 
were reisolated on a sucrose cushion before use. 
Incubation Conditions 
Untreated and treated Golgi fragments were resuspended and supple- 
mented with 1 i~1 of an ATP-regenerating system and 9 Ill of the follow- 
ing: KHM buffer; interphase cytosol (5-20 mg/ml) prepared from rat 
liver cytosol by precipitation with 40% ammonium sulfate, redissolving 
the pellet and desalting into KHM buffer just before use; interphase 
cytosol treated with NEM; NSF (0.04 mg/ml), s-SNAP (0.2 mg/ml), and 
y-SNAP (0.1 mg/ml) with or without purified p115 (0.13 mg/ml); rat p97 
(up to 0.3 mg/ml) before or after NEM treatment; Xenopus p97 (0.04 
mg/ml). After 60 min at 37°C, samples were prepared for electron 
microscopy after fixation with glutaraldehyde. 
Electron Microscopy and Stereology 
Samples were fixed, processed for conventional electron microscopy, 
and quantitated as described previously (Rabouille etal., 1995). The 
percentage of cisternal membrane regrowth was calculated as de- 
scribed in the table legends. 
Purification of Rat p97 and pl15 
The 40% ammonium sulfate cut of rat liver cytosol was resuspended 
and desalted into 325 mM KCI in 25 mM Tris-HCI (pH 7.4), 1 mM DTT 
and then fractionated by anion-exchange chromatography (Mono Q, 
Pharmacia). The p97 and p115 peaks eluted at 480 mM and 425 mM 
KCI. These peaks were loaded onto 6%-30% sucrose gradients (con- 
taining 10 mM Tris-CI [pH 7.4], 1 mM DTT, and 100 mM KCI) and 
centrifuged for 65 rain at 65,000 rpm in a VTi65.1 rotor (Beckman). The 
p115 peak sedimented at 5S and was completely free of contaminating 
p97, as assessed by Western blotting using a mixture of three murine 
anti-p97 monoclonal antibodies (Peters, 1991). The peak of p97 (sedi- 
menting at 14S) was reapplied to the Mono Q column and eluted with 
100-600 mM KCI in 10 mM PIPES (pH 6.4), 0.25 mM MgCI2, 1 mM 
DTT. Fractions containing p115 or p97 were pooled and stored at 
-70oC. 
Purification of Xenopus p97 
Interphase xtracts were prepared from metaphase II-arrested eggs 
activated for 20 min with 1 p.g/ml A23187 (Calbiochem) in the presence 
of 100 p.g/ml cycloheximide, p97 was purified by a combination of 
ammonium sulfate precipitation, ion-exchange chromatography on 
Resource Q and Hitrap heparin columns (Pharmacia), and velocity 
sedimentation, as for rat p97, with the additional step of immunodeple- 
tien of copurifying 20S anaphase-promoting complex by Cdc27 anti- 
bodies (King etal., 1995). 
Acknowledgments 
Correspondence should be addressed to G. W. We thank Francis 
Barr and Birte S6nnichsen for suggestions and critical reading of the 
manuscript; Rose Watson for help with electron microscopy; Darryl 
Pappin for mass spectrometry; Jim Rothman for the plasmids encoding 
s-SNAP and NSF, and anti-p115 antibodies; Wally Whiteheart for puri- 
fied y-SNAP protein; and Martin Latterich and Randy Schekman for 
access to unpublished data. C. R. is supported by a Network Grant 
(number ERB4050PL932029) from the European Union. J.-M. P. is 
the recipient of a European Molecular Biology Organization Iong4erm 
fellowship and thanks Werner Franke and Marc Kirschner for support. 
Received June 6, 1995; revised July 31, 1995. 
References 
Acharya, U., McCaffery, J. M., Jacobs, R., and Malhotra, V. (1995a). 
Reconstitution of vesiculated Golgi membranes (VGMs) into stacks of 
cisternae: requirement of NSF in stack formation. J. Cell Biol. 129, 
577-589. 
Acharya, U., Jacobs, R., Peters, J.-M., Watson, N., Farquhar, M G., 
and Malhotra, V. (1995b). The formation of Golgi stacks from vesicu- 
lated Golgi membranes requires two distinct fusion events. Cell 82, 
this issue. 
Barroso, M., Nelson, D. S., and Sztui, E. (1995). Transcytosis- 
associated protein (TAP)/p115 is a general fusion factor required for 
binding of vesicles to acceptor membranes. Proc. Natl. Acad. Sci. 
USA 92, 527-531. 
Block, M. R., Glick, B. S., Wilcox, C. A., Wieland, F. T., and Rothman, 
J. E. (1988). Purification of a N-ethylmaleimide-sensitive protein cata- 
lyzing vesicular transport. Proc. Natl. Acad. Sci. USA 85, 7852-'7856. 
Clary, D. O., Griff, I. C., and Rothman, J. E. (1990). SNAPs, a family 
of NSF attachment proteins involved in intracellular membrane fusion 
in animals and yeast. Cell 61,709-721. 
Cell 
914 
Dahan, S., Ahluwalia, J. P., Wong, L., Posner, B. I., and Bergeron, 
J. J. M. (1994). Concentration of intracellular hepatic apolipoprotein-E 
in Golgi-apparatus accular distensions and endosomes. J. Cell Biol. 
127, 1859-1869. 
Diaz, R., Mayorga, L. S., Weidman, P. J., Rothman, J. E., and Stahl, 
P. D. (1989). Vesicle fusion following receptor-mediated endocytosis 
requires a protein active in Golgi transport. Nature 339, 398-400. 
Elazar, Z., Orci, L., Ostermann, J., Amherdt, M., Tanigawa, G., and 
Rothman, J. E. (1994). ADP-ribosylation factor and coatomer couple 
fusion to vesicle budding. J. Cell Biol. 124, 415-424. 
Erdmann, R., Wiebel, F. F., Flessau, A., Rytka, J., Beyer, A., Fr6hlich, 
K.-U., and Kunau, W. H. (1991). PAS1, a yeast gene required for peroxi- 
some biogenesis, encodes a member of a novel family of putative 
ATPases. Cell 64,499-510. 
FrShlich, K.-U., Fries, H.-W., Rudiger, M., Erdmann, R., Botstein, D., 
and Mecke, D. (1991). Yeast cell cycle protein CDC48p shows full- 
length homology to the mammalian protein VCP and is a member of 
a protein family involved in secretion, peroxisome formation, and gene 
expression. J. Cell Biol. 114, 443-453. 
Goda, Y., and Pfeffer, S. R. (1991). Identification of a novel, N-ethyl- 
maleimide-sensitive cytosolic factor required for vesicular transport 
from endosomes to the trans-Golgi network in vitro. J. Cell Biol. 112, 
823-831. 
Ikonen, E., Tagaya, M., UIIrich, O., Montecucco, C., and Simons, K. 
(1995). Different requirements for NSF. SNAP, and Rab proteins in 
apical and basolateral transport in MDCK cells. Cell 81, 57t-580. 
King, R. W., Peters, J.-M., Tugendreich, S., Rolfe, M., Hieter, P., and 
Kirschner, M. W. (1995). A 20S complex containing C DC27 and CDCI6 
catalyses the mitosis-specific onjugation of ubiquitin to cyclin B. Cell 
81, 279-288. 
Koller, K. J., and Brownstein, M. J. (1987). Use of a cDNA clone to 
identify a supposed precursor protein containing valosin. Nature 325, 
542-545. 
Latterich, M, and Schekman, R. (1994). The karyogamy gene kar2 
and novel proteins are required for ER-membrane fusion. Cell 78, 
87-98. 
Latterich, M., Fr6hlich, K.-U., and Schekman, R. (1995). Membrane 
fusion and the cell cycle: cdc48p participates in the fusion of ER mem- 
branes. Cell 82, this issue. 
Letourneur, F., Gaynor, E. C., Hennecke, S., D(~molli~re, C., Duden, 
R., Emr, S. D., Riezman, H., and Cosson, P. (1994). Coatomer is 
essential for retrieval of dilysine-tagged proteins to the endoplasmic 
reticulum. Cell 79, 1199-1207. 
Lucocq, J. M, and Warren, G. (1987). Fragmentation and partitioning 
of the Golgi apparatus during mitosis in HeLa cells. EMBO J. 6, 3239- 
3246. 
Lucocq, J. M., Pryde, J. G., Berger, E. G., and Warren, G. (1987). A 
mitotic form of the Golgi apparatus in HeLa cells. J. Cell Biol. 104, 
865-874. 
Lucocq, J. M., Berger, E. G., and Warren, G. (1989). Mitotic Golgi 
fragments in HeLa cells and their role in the reassembly pathway. J. 
Cell Biol. 109, 463-474. 
Misteli, T., and Warren, G. (1994). COP-coated vesicles are involved 
in the mitotic fragmentation of Golgi stacks in a cell-free system. J. 
Cell Biol. 125, 269-282. 
Misteli, T., and Warren, G. (1995). The role of tubular networks and 
a COP I-independent pathway in the mitotic fragmentation of Golgi 
stacks in a cell-free system. J. Cell Biol. 130, 1-13. 
Nakajima, H., Hirata, A., Ogawa, Y., Yonehara, T., Yoda, K., and 
Yamasaki, M. (1991). A cytoskeleton-related gene, usol, is required 
for intracellular protein transport in Saccharomyces cerevisiae. J Cell 
Biol. 113, 245-260. 
Pappin, D. J. C., Hojrup, P., and Bleasby, A. J. (1993). Rapid identifica- 
tion of proteins by peptide-mass fingerprinting. Curr. Biol. 3, 327-332. 
Peters, J.-M. (1991). Strukturelle und molekularbiologische Untersu- 
chung eines ubiquit&ren 15S-Mg2+-ATPase-Kornplexes. PhD thesis, 
University of Heidelberg, Heidelberg, Federal Republic of Germany. 
Peters, J.-M., Walsh, M. J., and Franke, W. W. (1990). An abundant 
and ubiquitous homo-oligorneric ring-shaped ATPase particle related 
to the putative vesicle fusion proteins, Sec18p and NSF. EMBO J. 9, 
1757-1767. 
Peters, J.-M., Harris, J. R., Lustig, A., Muller, S., Engel, A., Volker, 
S., and Franke, W. W. (1992). Ubiquitous soluble Mg2÷-ATPase com- 
plex: a structural study. J. Mol. Biol. 223, 557-571. 
Pleasure, I. T., Black, M. M., and Keen, J. H. (1993). Valosin-containing 
protein, VCP, is a ubiquitous clathrin-binding protein. Nature 365,459- 
462. 
Rabouille, C., Misteli, T., Watson, R., and Warren, G. (1995). Reassem- 
bly of Golgi stacks from mitotic Golgi fragments in a cell-free system. 
J. Cell Biol. 129, 605-618. 
Rodriguez, L., Stirling, C. J., and Woodman, P. G. (1994). Multiple 
N-ethylmaleimide-sensitive components are required for endosomal 
vesicle fusion. Mol. Biol. Cell 5, 773-783. 
Rothman, J. E. (1994). Mechanisms of intracellular protein transport. 
Nature 372, 55-63. 
Rothman, J. E., and Warren, G. (1994). Implications of the SNARE 
hypothesis for intracellular membrane topology and dynamics. Curr. 
Biol. 4, 220-233. 
Sapperstein, S. K., Walter, D. M., Grosvenor, A. R., Heuser, J. E., 
and Waters, M. G. (1995). p115 is a general vesicular transport factor- 
related to the yeast endoplasmic-reticulum to Golgi transport factor 
usolp. Proc. Natl. Acad. Sci. USA 92, 522-526. 
Slusarewicz, P., Hui, N., and Warren, G. (1994). Purification of rat 
liver Golgi stacks. In Cell Biology: A Laboratory Handbook, J. E. Cells, 
ed. (Orlando, Florida: Academic Press, Incorporated), pp. 509-516. 
S611ner, T., Whitehart, S. W., Brunner, M., Erdjumentbromage, H., 
Geromanos, S., Tempst, P., and Rothman, J. E. (1993a). SNAP recep- 
tors implicated in vesicle targeting and fusion. Nature 362, 318-324. 
S~llner, T., Bennett, M. K., Whiteheart, S. W., Scheller, R. H., and 
Rothman, J. E. (1993b). A protein assembly-disassembly pathway 
in vitro that may correspond to sequential steps of synaptic vesicle 
docking, activation, and fusion. Cell 75, 409-418. 
Souter, E., Pypaert, M,  and Warren, G. (1993). The Golgi stack reas- 
sembles during telophase before arrival of proteins transported from 
the endoplasmic reticulum. J. Cell Biol. 122, 533-540. 
Stuart, R. A., Mackay, D., Adamczewski, J., and Warren, G. (1993). 
Inhibition of intra-Golgi transport in vitro by mitotic kinase. J. Biol. 
Chem. 268, 4050-4054. 
Thorsness, P. E., White, K. H., and Ong, W. C. (1993). AFG2, an 
essential gene in yeast, encodes a new member of the Sec18p, Pasl p, 
Cdc48p, TBP-1 family of putative ATPases. Yeast 9, 1267-1271. 
Warren, G. (1985). Membrane traffic and organelle division. Trends 
Biochem. Sci. 10,439-443. 
Warren, G. (1993). Membrane partitioning during cell division. Annu. 
Rev. Biochem. 62, 323-348. 
Waters, M. G., Clary, D. O., and Rothman, J. E. (1992). A novel 115-kD 
peripheral membrane protein is required for intercisternal transport in 
the Golgi stack. J. Cell Biol. 118, 1015-1026. 
Wattenberg, B. W., Raub, T. J., Hiebsch, R. R., and Weidman, P. J. 
(1992). The activity of Golgi transport vesicles depends on the pres- 
ence of the N-ethylmaleimide-sensitive factor (NSF) and a soluble NSF 
attachment protein (a SNAP) during vesicle formation. J. Cell Biol. 
118, 1321-1332. 
Weidman, P., Roth, R., and Heuser, J. (1993). Golgi membrane dynam- 
ics imaged by freeze-etch electron microscopy: views of different 
membrane coatings involved in tubulation versus vesiculation. Cell 
75, 123-133. 
Wilson, D. W., Whiteheart, S. W., Wiedmann, M., Brunner, M., and 
Rothman, J. E. (1992). A multisubunit particle implicated in membrane- 
fusion. J. Cell Biol. 117, 531-538. 
Zhang, L., Ashendel, C. L., Becker, G. W., and Morre, D. J. (1994). 
Isolation and characterization of the principal ATPase associated with 
transitional endoplasmic-reticulum of rat-liver. J. Cell Biol. 127, 1871- 
1883. 
